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Forward Propagation and
Envelope Broadening

Regional sasmograms of
deep earthquakes in Japan
have long coda duration due
to multiple forward
scattering

L g waveforms influenced
by multiple forward
scattering
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Model for Multiple Forward
Scattering

Forward scattering dominates when
characteristic length of variation in medium

velocity (or density) is > wavelength of waves

Can model with Parabolic Wave Equation which neglects the
second derivative in the wave equation with respect to the global
ray direction

Split-Step Fourier Modeling (Stoffa, et al. 1990)

Extended Local Rytov Approximation (Huang et al, 1999
Markov Approximation @ =




ODbjectives

Investigate envel ope broadening using numerical
(Rytov and Finite Difference) modeling

Compare results obtained using Markov
Approximation with numerical results obtained
using finite difference and approximate
method based on Rytov Approximation.

Investigate variations in waveforms obtained
from various realizations of random media

Investigate differences obtained usi ng various
modeling approaches =




Previous Numerical Modeling of
Wave Propagation in Random Media

Frankel and Clayton (1986, JGR)
focused on near-source region (backscattering)

lkelle, Y oung and Daube (1993, Geophysics)

Focused on effects of anisotropy in random media
characterization




Random Media M odels

e Choose Model Where Forward Scattering
Dominates

* Propagation to Regional Distances (>100 km)
o Writevelocity as v(x)=V, +dv(x) = V,(1+ &x))
£(x) I1s fractional fluctuation of wave velocity
Vo I1Schosen sothat V,=(v(x)) and (&(x))=0




Random Media M odels

Autocorrelation function (ACF) of the medium

R(x) = (£(y)E(y +x))
Magnitude of fractional fluctuation is mean
square (MS) fractional fluctuation:

g? = R(0) = (£(x)?)
Choose Gaussian ACF

2 _22
2

RX)= R(r)=g%e e
wherea, and &, are correlation distances.

X



Medium characterized by

RMS fractional fluctuation ¢
Correlation distance a

We choose ¢=.05
a= 5 km
V, = 4. km/s

Source: Ricker time history with 2Hz
dominant frequency

Wavelength in background medium is 2 km



Gaussian Random Medium
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Markov Approximation

Method to calculate mean wavefield for
propagation in random media when forward
scattering dominates

Lee and Jakopi (1975) Sreenivasiah et al. (1976)
used to calculate envelope for plane waves
Incident on 3D random media

Sato (JGR,1989) used to study envelope
broadening

Here, calculated for point source in 2D random
media
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Local Rytov Fourier Method

(Huang et al. ,Geophysics 64, 1535-1545, 1999)

Wave Equation 0 1 0. .
By o e =0
A =07 10x* +0° ] 0z°
Using V(x) =V, +8V(x) =V, (1+&(x))
€l<<1
We get E&-V_tzaf@(x,t) +Vioza(x)afu(x,t) -0

_ 0 w0 oW
Frequency Domain A+ ) = 29 5 400Ux,0)



Local Rytov Fourier Method (cont.)

Solution of form Uu(x, ) = B+ alx. 4

Homogeneous

propagation Uy (X, ) = e (X, @)

Extrapolate wavefield  u(x,z.,;w) = Uy(x,z,5; w)e®™ %+
IN primary propagation
direction (% 25i) = R, u(x.2. )]



Local Rytov Fourier Method (cont.)
Scattering term:.  @s(X,z.4; W) = (X, 2,5 Q1 Ug(X1,Z 4 O

W(X,Z.0;0) = R Hye‘“lF | G\ZAS(X, Z )U(X, Z; a)}D

Slowness perturbation:  As(x,z) = —-é(x,z)/V(X,z)

Wavenumbers: k, = [k2 —Kk2 , ky =w/V,

Fourier Transforms: Fo Rt



Finite Difference Modeling

2D Finite Difference Code

4th order in Space

2th Order In Time

Holberg Coefficients to Minimize
Dispersion

Absorbing Boundaries




Numerical Experiment
Finite Difference: Grid Size 50m, Time Step 4 ms
Random Media of Gaussian ACF

€=0.05,a=5km,Vy=4km/s
300 km

Absorbing Boundary Condition
205 km

4,096 x 6,000 grid points in region of validity
Finite Difference Grid: 4,146 x 6,052
Extended Local Rytov Fourier Grid: 4,096 X 4,096
Valid up to 25s after the onset at 200 km distance



Finite Difference Seismograms in Homogeneous Media

Valocly = 4 km's: Source: 2 Hz Ricker

Trace Length = 50 &; Trace Amplitudes Normalized

* Sourca

‘l 40 km
e

*L 180 km

* 200 km

Grid Spacing = 200 m; Tima Step = 16 ms

l Sourca

A0 km

= h—

* B0 km

J' 120 km

* 180 km

| 200 km

Grid Spacing = 50 m; Time Step = 4 ms
Figure 2



Comparison of Traces Calculated Using
Finite Difference and ELRF

10 5 shown for each frace
Trace Orgin Time (5) = (Digance'd) - 1.5
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Arrival Time in Background Medium
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Receiver Distance (km)

Record Section from Finite Difference of Large Model (15500)
Trace Amplitudes Scaled Independently
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Receiver Distance (km)
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Ensemble Average

e Calculate Waveforms for Propagation In
many realizations of media

* Find mean envelope Shape

— Sum Sguare Traces from each realization
— Smooth over .32s
— Plot square root of result




Numerical Experiment
Finite Difference: Grid Size 50m, Time Step 4 ms
Random Media of Gaussian ACF

€=0.05,a=5km,Vy=4km/s
300 km

Absorbing Boundary Condition
205 km

4,096 x 6,000 grid points in region of validity
Finite Difference Grid: 4,146 x 6,052
Extended Local Rytov Fourier Grid: 4,096 X 4,096
Valid up to 25s after the onset at 200 km distance



RMS Envelopes at 200 km Calculated Using Different Methods
T 1T - F e S B | PR N T O
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Finite Difference (Large Model,
100 simulations)
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RMS Amplitude

Comparison of RMS Envelopes in 2-D Random Media
Gaussian ACF: a=5km, €=0.05, Vg=4 km/s

2Hz Ricker Wavelet
at the Source

Smoothing with 0.32s

50 km

Markov App.
FD (100)
Local Rytov (100)
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Comparisons with Different
Correlation Functions

2D Power Spectral Density Functions
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Smoothed Fnvelopes, Yan Karman k 1 ACE 2 Hz, 50 runs
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Smoothed Envelopes, Exponential ACF 2 Hz, 100 runs
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Smoothed Envelopes, Van Karman k 0.1 ACF 2 Hz, 50 runs
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50 km 15 realizations, Van Karman k =.1 ACF, 2 Hz, Reduced Time




100 km 15 realizations, Van Karman k =.1 ACF, 2 Hz,




150 km 15 reqlizations, Van Karman k =.1 ACF, 2 Hz




200 km 15 realizations, Van Karman k =.1 ACF, 2 Hz




Record Section k =0.1

\Aﬁ 0 km
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Reduced Time (s)

Van Karman, k=.1 (29000)

80 km
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Van Karman, k=0.1, Receivers at iz=200 km from source
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Single relization, k=0.1 van Karman

Distance, km

(29000)




Stack Traces from 50 relizations, k=0.1 van Karman
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Van Karman, k=1., Receivers at iz=200 km from source
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Single relization, k=1. van Karman

Distance, km
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Stack Traces from 40 relizations, k=1. van Karman
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Smoolhed Envelopes, Exponential ACF 4 Hz, 10 Runs, times 10 to correct, 4 Hz correction applied a5 on page 33
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Conclusions

» At close range, waveforms vary mostly due
to traveltime fluctuation; at large range,
scattering becomes important

* Good Agreement of Markov and Extended
Local Rytov Results

* Finite Difference Results are alittle
different than Approximate Results

— Importance of wide angle scattering



Conclusions

» Backscattering from near-source and near-
receiver regions is important
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